We demonstrate a simple Fe 3 O 4 nanoparticles (FONPs) based Q-switched fiber laser that is able to generate stable nanosecond pulses with single-wavelength or multiwavelength regimes. In the single-wavelength lasing scheme, the fiber laser generates 613-ns pulse with average output power of 41.2 mW, pulse energy of 321.3 nJ, and signalnoise-ratio of 54.4 dB. In the multiwavelength lasing scheme, stable pulse is achieved with 18-wavelength channels contained within the 3-dB bandwidth range. Our results prove that the FONPs can act as an effective Q-switch for high-energy pulse generation.
Introduction
Q-switched fiber lasers have many applications in the areas where large pulse energies and high average output powers are required, such as laser processing, nonlinear optical frequency conversion, environmental sensing and medical treatment. Basically, Q-switching pulse operation can be divided into two categories, active Q-switching [1] and passive Q-switching [2] . An external modulator, e.g., Electro-Optic Modulator (EOM) or Acousto-Optic Modulator (AOM), is required to induce loss modulation in actively Q-switching fiber lasers, making the fiber lasers complex and expensive. In contrast, the passive Q-switching employs a saturable absorber (SA), with low cost and ease of integration into fiber laser cavity, as an internal loss modulator. Since 1990's, SAs have been developed from semiconductor saturable absorber mirror (SESAM) [3] , [4] to nanomaterials with saturable absorption, such as carbon nanotubes (CNTs) [5] - [8] , graphene [9] - [17] , topological insulators (TIs) [18] - [32] , transition metal dichalcogenides (TMDs) [33] - [48] , [61] - [63] , and black phosphorus (BP) [49] - [51] . Compared to SESAM, the nanomaterials mentioned above have broader absorption band from visible to mid-IR [9] - [11] and faster electron relaxation time down to ∼100 fs [52] . These newly emerged materials have motivated the research interest in ultrafast photonic device and pulsed fiber lasers with merits of ease of fabrication and low cost.
It's widely demonstrated that high pulse energy could be expected in a Q-switched fiber laser by using a SA with large modulation depth, large damage threshold and low insertion loss. Recently, some new functional nanomaterials have emerged as new type SAs, such as noble metals nanocrystals [53] and plasmonic colloidal nanocrystals [54] . The light-matter interaction of these newly emerging nanomaterials has enhanced optical nonlinearity without sacrificing the ultrafast response, thus growing as another hotspot in the field of ultrafast optics. The Fe 3 O 4 -nanoparticles (FONPs) are one of those materials, having high response on the magnetic field, and thus having important application in the magnetic field sensor and magneto-optical devices. FONPs are also regarded as a class of semiconductor, which has a bandgap of 0.3 eV [55] , a large third-order optical nonlinear susceptibility χ (3) of 4.0 × 10 −10 esu [56] and a recovery time of 18 ∼ 30 ps [57] . Therefore, FONPs exhibit large optical nonlinearity in a slow time scale, which is an important feature for generating high energy Q-switched pulsed lasers. Recently, Bai et al. utilized the FONPs as a SA in an erbium-doped fiber laser (EDFL) to achieve Q-switching operation [58] . However, the pulse energy is only 23.76 nJ that is limited by the damage threshold of FONPs-based SA.
In this paper, we fabricate and characterize a new type of FONPs-based SA. The modulation depth (MD) is 11.03%, the saturable intensity is 98.15 MW/cm 2 and the nonsaturable loss is 19.83%, respectively. Employing this SA, we construct a high energy, Q-switched erbium-doped fiber laser (EDFL) with a RPR of 128.2 kHz and a pulse duration of 613 ns at the highest pump power of 550 mW. The corresponding average output power is measured as 41.2 mW with a pulse energy of 321.3 nJ, which is the highest energy among the reported passively Q-switched EDFLs modulated by two-dimensional material SAs with nanoseconds pulse duration. By incorporating a Mach-Zehnder interferometer (MZI) as comb filter in cavity, we also achieve multi-wavelength Qswitched mode-locking operation. Our results prove that the FONPs can act as an effective Q-switch for high energy pulse generation, underscoring its growing potential as versatile SA materials.
Experimental Details

Characterization of Nanoparticles and SA
The FONPs are dispersed in a water carrier in the form of a stable colloidal suspension (EMG 705, Ferrotec, Inc., PH = 8∼9). The FONPs solution has good uniformity and exhibits high response to magnetic field, as shown in Fig. 1(a) . The FONPs are coated by a molecular layer of anionic surfactant to prevent from aggregation. Fig. 1 (b) shows a thin film in which the FONPs self-assemble together tightly. It is observed that the FONPs have near spherical shape with an average diameter less than 20 nm. The Raman spectroscopy of the FONPs is measured by using a Raman spectrometer (LabRAM HR Evolution) with excitation at 514 nm, as shown in Fig. 1(c) . Three characteristic peaks of FONPs are located at 284 cm −1 , 490 cm −1 and 695 cm −1 [59] . Fig. 1(d) shows the transmittance of the as-prepared FONPs film measured from 900 nm to 2300 nm by using an optical spectrometer (Perkinelmer Lambda 7500). It is measured that the absorption of the film is 32.8% at 1560 nm. The FONPs-based SA can be fabricated by a simple procedure. A small amount of magnetic fluid is dropped onto the end face of fiber ferrule. Then, a thin FONPs film would be formed on the fiber ferrule after drying for ∼10 minutes. The intensity-dependent optical absorption of the SA is investigated by a twin-detector measurement technique [17] , as shown in Fig. 2(a) . The test source is a home-made mode-locked fiber laser, which has central wavelength of 1561 nm, pulse duration of 912 fs and RPR of 18.7 MHz. A variable optical attenuator (VOA) is used to continuously adjust the test power. A 3 dB optical coupler (OC) can split the laser light into two arms with one arm for power-dependent transmission measurement of SA device and the another one for reference. The nonlinear absorption characteristic is illustrated in Fig. 2(b) . The modulation depth, saturable intensity and nonsaturable loss are measured to be 11.03%, 98.15 MW/cm 2 , and 19.83%, respectively. The insertion loss of SA device is measured to be ∼1.68 dB, which is smaller than that in [58] . The lower insertion loss is favorable for the Q-switching operation with high average output power. Fig. 3(a) shows the schematic diagram of the Q-switched fiber laser. The pump source is a laser diode (LD) with 976 nm wavelength and 600 mW maximum output power. A 980/1550 nm wavelength-division multiplexer (WMD) is utilized to couple the pump light into the ring cavity. A polarization-independent isolator (PI-ISO), placed after the WDM, is used to ensure unidirectional operation. A section of 1.2 m Er-doped fiber (EDF, OFS/ EDF80) is used as the laser gain medium. An output coupler is used to extract 30% of energy from the cavity. The FONPs SA is placed between the EDF and OC to act as a Q-switcher. The total cavity length is about 7.8 m for the single wavelength operation. Fig. 3(b) shows the experimental setup of multi-wavelength operation. To achieve multi-wavelength operation, a MZI is inserted into the laser cavity, which is constructed by splicing two identical 3-dB OC. The total length between the two OC is about 0.84 m. The MZI works as a comb filter with certain channel spacing dependent on the length difference between the two arms. In Fig. 3(b) , the OC has an output ratio of 10% to enhance the intracavity energy for multi-wavelength oscillation. In this case, the total cavity length is 10.21 m. The optical spectrum is monitored by an OSA (Yokogawa153 AQ6370B). A real time oscilloscope with a bandwidth of 1 GHz (Tektronix DPO7104C) is utilized for monitoring the temporal evolution of the output pulse train. A 3 GHz radio frequency (RF) spectrum analyzer (Agilent N9320A) coupled with a 15 GHz photo-detector (EOT ET-3500FEXT) is also employed to monitor the output pulse trains in frequency domain.
Experimental Setup
Results and Discussion
Single-Wavelength Passively Q-Switched EDFL Using FONPs-Based SA
The self-starting Q-switching operation occurs as soon as the pump power exceeds 48 mW. Fig. 4(a) shows the measured output pulse trains from the pump power of 50 mW to 550 mW with a step of 100 mW. It can be clearly seen that both the RPR and pulse duration are pump power dependent, which is a typical feature of a Q-switched laser. At the pump power of 550 mW, a stable pulse train is obtained with pulse duration of 613 ns and RPR of 128.2 kHz, shown in Fig. 4 (a) and 4(b). All pulses in the pulse train have nearly equal amplitude and symmetric intensity profile, which illustrates the stability of the pulse operation state. The signal-noise-ratio (SNR) is measured to be 54.4 dB at a resolution bandwidth (RBW) of 10 Hz. Fig. 4(d) is a typical Q-switching optical spectrum measured at the pump power of 550 mW. The central wavelength is at 1558.4 nm with a 3-dB bandwidth of 1.8 nm. Fig. 4 (e) and (f) summarize the measured average output power and energy, the RPR and pulse duration as a function of the pump power, respectively. By increasing the pump power from 50 mW to 550 mW, the average output power grows linearly up to 41.2 mW with a slope efficiency of 7.55%. The RPR can be tuned from 21.7 kHz up to 128.2 kHz, and the recorded pulse duration decreases from 2.44 μs to the shortest 613 ns. The recorded maximum pulse energy is up to 321.3 nJ.
It is noted that the pulse duration nearly keeps unchanged at the pump power beyond ∼450 mW, which indicates that the SA is saturated at this pump level. According to the theoretical pulse width of passively Q-switched lasers by the equation of τ = 3.5T R / T [60] , where T R is the cavity-round trip time, and T is the MD of SA. The limited pulse duration is calculated to be 572 ns. A comparison of Q-switched EDFLs is listed in Table 1 
Multi-Wavelength Passively Q-Switched EDFL Using FONPs-Based SA
To achieve the multi-wavelength operation, the MZI is inserted into the fiber laser cavity. Meanwhile, the output coupler is reduced to extract 10% of energy to enhance the intra-cavity energy and lower the pump threshold of pulse operation. Fig. 5(a) shows the pulse trains at different pump power from 30 mW to 300 mW. It illustrates that strong amplitude modulation exists on the pulse envelop by zooming a single pulse in the time domain, as shown in Fig. 5(b) , which is a typical characteristic of Q-switched mode-locking operation. At the pump power of 340 mW, the measured pulse has a duration of 1.01 μs and RPR of 53.2 kHz. The measured SNR is about 46 dB at a RBW of 10 Hz, as shown in Fig. 5(c) . The lasing spectrum has a central wavelength of 1558.6 nm and a 3-dB bandwidth of 2.22 nm, shown in Fig. 5(d) . Considering that the lasing lines are evaluated in the 3-dB bandwidth, up to 18-lines oscillation is achieved with channel spacing of 0.13 nm and lasing intensity of 30 dB, as shown in Fig. 5(d) . To exclude the self-pulse behavior, the FONPs-based SA is removed out of laser cavity and only continuous wave is observed. It directly indicates that the FONPs work actually as a SA for multi-wavelength Q-switched mode-locking operation.
The average output power, single pulse energy, RPR and pulse duration are summarized as a function of the pump power, as shown in Fig. 5 (e) and (f). With the pump power increasing from 40 mW to 340 mW, the average output power gradually increases to 6.1mW with maximum single pulse energy of 114.5 nJ. Meanwhile, the RPR increases from 8.74 kHz to 53.22 kHz, and the pulse duration narrows from 3.9 μs to the shortest 1.01 μs. To testify the long-term stability of the multi-wavelength operation, the output spectra are measured over one hour, as shown in Fig. 5(g ) and (h). It reveals that the fluctuation of 3 dB bandwidth is within 0.1 nm and the center wavelength varies within 0.15 nm. Stable 18-lines oscillation is always observed in the long-term measurement.
Conclusion
In conclusion, we have characterized a type of FONPs-based SA. Our results reveal that it has a modulation depth of 11.03%, a saturable intensity of 98.15 MW/cm 2 , and a nonsaturable loss of 19.83%, respectively. Employing this SA can render us achieve a high energy, Q-switched EDFL, which has a RPR of 128.2 kHz and a pulse duration of 613 ns at the pump power of 550 mW. The average output power and pulse energy are measured to be 41.2 mW and 321.3 nJ, respectively. In addition, multi-wavelength Q-switched mode-locking operation is obtained by adding a MZI as comb filter. Our results prove that the FONPs can act as an effective Q-switch for high energy pulse generation.
